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ABSTRACT

ABSTRACT
Ballast is one of the most significant components in rail track structure. It supports the rail
and sleeper by transmitting the traffic load to the subgrade. Due to increasing traffic
congestion and the price of fuel, the demand for high speed trains has been increasing on
a daily basis. This contributes to a more permanent deformation and degradation of the
ballast layer. Cyclic loads from heavy haul trains degrade and foul the ballast, directly
contributing to track settlement. An understanding of how ballast reacts during cyclic
loading plays a key role in reducing the maintenance costs of railway tracks, while
optimising passenger comfort.

Currently, numerous research studies have been carried out to understand the behaviour
of ballast during cyclic loading. However, laboratory investigations and field assessments
alone cannot provide a full insight into complex ballast breakage mechanisms and
associated deformation when the discrete and heterogeneous nature of granular materials
is considered. On the other hand, computer simulations using the Discrete Element
Method (DEM) provides enough information from the particle scale level to help
understand the deformation and breakage mechanisms that occur under complex cyclic
loads. In this research DEM simulations using PFC2D were conducted to examine the
degradation and deformation of ballast during cyclic loading, and a case study involving
the Bulli track north of Wollongong city is also included.

A cyclic biaxial simulation was conducted to supplement the DEM model for track
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behaviour at different frequencies during cyclic loading. The DEM results were similar to
the laboratory results, which indicated that due to an irregular re-arrangement of the
particles, most particle breakages and axial strains occurred during the initial cycles, and
there was also some corner breakage at a low number of cycles. Particle breakage plays a
key role in affecting the permanent deformation of ballast. An analysis of three distinct
frequency regions showed that bond breakage and axial strains increased rapidly at
, and then increased slightly at
breakage increased significantly when

. Deformation and
. The DEM study indicated that the

particles were first sliding and rolling to maintain a packing arrangement, albeit with
some corner breakage, followed by particle bodies splitting as the internal forces
increased.

The half track simulation exploiting symmetry that was applied to the Bulli track was
validated with field data under realistic train loading. It was demonstrated that particle
breakage plays a key role in ballast behaviour under cyclic loading. Three specific
measurement points (i.e., near the lateral boundary, the top layer under the edge of the
sleeper, and the bottom layer under the edge of sleeper) were used in the model. The
lateral strains and broken bonds increased significantly during the initial cycles, but a
steady, static deformation and breakage was attained as the cycles increased. The lateral
strain and particle breakage near the lateral boundary was much lower than under the
edge of the sleeper.

Particle breakage also controls the development of contact force (CF) chains in the
III
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direction of the major principal stress under cyclic loading. Those particles actually under
the sleeper sustain more uniform CF chains and breakage compared to particles near the
lateral boundary. Particle breakage and re-arrangement leads to more uniform CF chains
in the direction of major principle stress, but as the cyclic loading continues, more
particles are broken and rearranged, which causes the ballast to become denser and
generate increased lateral displacement.
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1. INTRODUCTION
1.1 General Background
Railway systems play a crucial role in the transportation infrastructure of a country, and
are an essential component for sustaining economic development (Selig and Waters
1994). Railways in Australia play a vital role in its economy by transporting freight and
bulk commodities between the capital cities and ports, extending to rural areas and
mining regions, as well as carrying passengers around urban regions.
Currently, Australia’s rail transport represents around 0.5% of gross domestic product and
8 % of the total transport. There is around 43,100 km of broad (1,600 mm), standard
(1,435 mm), narrow (1,067 mm) and dual gauge track in Australia. Rail occupies a
significant share in the transport of bulk freight commodities such as coal and minerals
(Progress in Rail Reform Inquiry Report, 1999).

Figure 1.1 Bulk freight transport, percentage shares of net tonne kilometers
(Progress in Rail Reform Inquiry Report, 1999)
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In the period 1994-1995, the public and private railway industry took up over one third of
the 210 billion Net Tone Kilometers (ntkm) of bulk freight transported in Australia
(Figure 1.1).

Due to ever increasing traffic congestions and rising fuel costs, the demand for faster rail
has been increasing on a daily basis. This will impart more and heavier cyclic loads to the
existing track, which will inevitably degrade and foul the ballast, resulting in a loss of
track geometry and increased deformation. In Australia, a large amount of the annual
budget has been spent on maintaining the ballasted track system (Figure 1.2). Therefore,
an understanding of the behaviour of ballast during heavy rail traffic plays a vital role in
reducing undue and frequent maintenance costs.

Figure 1.2 Track maintenance (Bulli, NSW)
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Numerous laboratory experiments and field studies have recently been carried out to
understand the complex behaviour of ballast during cyclic loading. However, a laboratory
investigation alone cannot provide all the information on ballast deformation,
densification, and breakage. In view of this, the Discrete Element Method (DEM) was
used in the present study to simulate track behaviour and capture the permanent
deformation and degradation of ballast during cyclic loading.

The Discrete Element Method (DEM) is an explicit finite difference program pioneered
by Cundall and Strack (1979). The well known DEM software PFC2D (Two-dimensional
Particle Flow Code) can electively model the movement and interaction of particles in
granular assemblies (Itasca Consulting Group, Inc., 2004). These particles are circular in
PFC2D, and angularity can be represented by bonding various size particles together. As a
result, PFC2D is believed to be most suitable for investigating ballast under 2D plane
strain conditions.

1.2

Aims and Objectives

The ultimate goal of this study is to investigate ballast during cyclic loading and to
provide an understanding of its micro-mechanical behaviour, including breakage. The
aims of this research can be stated as:

1. To develop a DEM model for real ballast particles of various shapes and sizes.
2. To validate the DEM model results with the laboratory triaxial experiments.

17
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3. To develop a model to simulate a case study (Bulli Track) to examine the field
response during cyclic loading, including particle breakage.
The following are the specific objectives of this thesis:

(a) To perform a critical review of ballast deformation and degradation under cyclic
loading, incorporating breakage.
(b) A critical literature review on the concepts and functions of DEM and PFC2D,
including the application of DEM in a typical railway environment.
(c) To investigate how the frequency of cyclic loading (in the range of 5-50Hz) affects
ballast densification (axial strain) and breakage (broken bonds) in biaxial testing, and
then calibrating the DEM model with laboratory data.
(d) Applying the DEM model to the Bulli Track, and then capturing track settlement,
lateral displacement and breakage, in a DEM simulation.

1.3 Thesis Outline
This thesis contains six chapters. Chapter 1 is the Introduction. Chapter 2 presents an
overview of background knowledge and portrait literature. It covers information on track
components, ballast functions and specifications, the nature of track forces, a discussion
on the behaviour of ballast under cyclic loading, and factors influencing ballast breakage.

Chapter 3 contains a review of DEM application in a railway environment. The concepts
and functions of PFC2D are described, followed by a discussion of recent applications of
PFC2D in simulating ballast behaviour under cyclic loading, including micro-mechanical
18
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issues related to ballast breakage.

Chapter 4 provides details of the development and calibration of the DEM model. The
effects of frequency on ballast deformation and breakage in cyclic biaxial tests have been
simulated in PFC2D and the numeral results were then compared with the experimental
data.

Chapter 5 presents the DEM application to the Bulli track under cyclic loading. Track
settlement, lateral displacement, and ballast breakage were analysed under cyclic loading.

Chapter 6 presents the Conclusions of this study and recommendations for future work. A
list of references is provided after Chapter 6, followed by Appendix of parameters and
varies plots related to DEM modelling under static loading that can be applied for low
speed (low frequency) conditions.
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1.4 Chapter Summary
This chapter highlights the general background of this study, including the aims and
objectives of the research, followed by an outline of the thesis.

20
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2. LITERATURE REVIEW
2.1

Introduction

Rail ballast is the crushed granular material which supports the rail and sleeper, and as
such is one of the most important components in railway track structure. Many attempts
have been made in the past to understand the complex behaviour of ballast under cyclic
loading.
This chapter presents a literature review related to ballast and its intended functions and
properties. This literature review focuses on the following two sections:


Ballast and the rail track environment



Particle breakage and associated permanent deformation during cyclic loading

2.2
2.2.1

Ballast
Track Components

Ballasted track structures consist of two major components: superstructure and
substructure (Selig and Waters, 1994). The superstructure comprises the rails, the
fastening system, and the sleepers. The substructure consists of the ballast, the sub-ballast
and the subgrade. Figure 2.1 shows the components of a typical ballasted track structure.
The superstructure and substructure are separated by the sleeper-ballast interface.

Rails are longitudinal steel members which provide continuous contact with the train
wheels and guide them in the desired direction. The rails transfer the traffic loads from
21
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wheels to the sleepers, which are connected to the rails by the fastening system.

Figure 2.1 Track structure components (Selig and Waters, 1994)
The fastening system is the connection between the sleeper and the rail. It keeps the rails
against the sleepers and resists vertical, lateral, or longitudinal displacement. The main
functions of sleepers (or ties) are to distribute the traffic loads transferred from the rails
and the fastening system to the underlying layer of ballast and keep the rails in place by
anchorage into the ballast. Ballast is usually sub-divided into four zones such as crib, top,
bottom, and shoulder ballast. Sub-ballast is the layer between the ballast and the subgrade.
22

LITERATURE REVIEW

It reduces the traffic stress and acts as a separation layer between the subgrade and the
ballast. Subgrade provides a stable foundation for the track structure and therefore,
excessive settlement in the subgrade should be avoided (Selig and Waters, 1994).

Previous research (Selig and Waters, 1994) indicates that ballast is one of the most
important sources of deteriorating track geometry. Figure 2.2 shows the sub-structure
primary contributions to overall settlement. This figure illustrates that the layer of ballast
has a major influence on track settlement, compared to the sub-ballast and subgrade. As a
result this research will focus on the settlement of ballast during cyclic loading.

Figure 2.2 Sub-structure contributions to settlement (Selig and Waters, 1994).
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2.2.2

Functions and Specification

Ballast is the crushed granular material which is placed as the top layer of the
sub-structure in order to support the rails and sleeper. The sleepers which are embedded
into the ballast are usually 250-350 mm thick (Indraratna and Salim, 2005). Traditionally,
crushed, angular particles of hard rock that are free of dust and dirt, were uniformly
graded and accepted as high-performance ballast materials.

Table 2.1 Ballast Specification (Standards Australian, 1996)
Ballast Property

Australia

Aggregate Crushing Value

< 25%

Los Angeles Abrasion

< 25%

Flakiness Index

< 30%

Misshapen Particles

< 30%
> 1200 kg/m3

Bulk Unit Weight
Particle Specific Gravity

> 2.5

Ideally, ballast should perform the following functions (Indraratna and Salim, 2005):


Provide a stable load bearing platform and support the sleepers uniformly,



Transmit high imposed stress at the sleeper/ballast interface to the subgrade layer at a
reduced and acceptable level of stress,



Provide acceptable stability to the sleepers against vertical, lateral, and longitudinal
forces generated by typical train speeds,
24
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Provide sufficient dynamic resiliency for the entire track,



Provide adequate resistance against crushing, attrition, bio-chemical, and mechanical
degradation and weathering,



Provide minimal plastic deformation to the track structure during typical
maintenance cycles,



Provide sufficient permeability for drainage,



Facilitate maintenance operations,



Inhibit weed growth by reducing fouling,



Absorb noise, and



Provide adequate electrical resistance.
Table 2.2 Railway ballast grading requirements (AS 2758.7 1996)
Sieve size (mm)

% passing by weight (Nominal ballast size = 60 mm)

63.0

100

53.0

85-100

37.5

20-65

26.5

0-20

19.0

0-5

13.2

0-2

4.75

0-1

0.075

0-1

Ballast should meet the requirements of a proper specification for the ballast material
index such as particle size, shape, gradation, hardness, particle density, bulk density,
strength, durability, surface roughness, toughness, resistance to attrition and weathering.
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Various standards and specifications have been proposed throughout the world on
railway ballast. Ballast materials in Australia are selected based on the specification
recommended by Australian Standards (AS 2758.7 1996). Table 2.1 shows the
specifications for ballast in Australia. The recommended railway ballast grading shown
in Table 2.2 is based on the Australian Standards.

Indraratna et al. (2004) recommended new particle size distribution (PSD) curves for
the ballast layer that considers particle breakage in comparison with the current
Australian Standards (AS 2785.7, 1996). They are presented in Figure 2.3.

Figure 2.3 Recommended railway ballast grading in comparison with the current
Australian Standards Grading (Indraratna et al., 2004)

2.2.3

Track Force Applied on Ballast

It is crucial to understand the type and magnitude of loads which act on ballast in order to
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analyse and design a resilient track structure. The forces exerted on the ballast are
classified into different methods.

Esveld (1989) classified these forces on the basis of their sources:
(a) Quasi-static loads induced by the self-weight of the vehicle and reaction forces in
curves,
(b) Dynamic loads resulting from track irregularities such as differential settlements in
the ballast bed, corrugations, discontinuities and welds or joints, together with vehicle
defects,
(c) Thermal loading due to temperature variations in continuous welded rail.

Figure 2.4 Wheel load distribution into the track structure (Selig and Waters, 1994)
The railway track structure must restrain repeated vertical, lateral, and longitudinal forces
cause by traffic loads and changing temperature (Selig and Waters, 1994). Vertical forces
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induce mechanical stresses into the track depending upon the cross level of the track
(Profillidis, 1995). It is also a combination of a static load and a dynamic component
superimposed onto the static load. Besides, ballast is also subjected to lateral and
longitudinal forces which are much harder to predict than vertical forces (Selig and
Waters, 1994).

Figure 2.5 Static and dynamic wheel loads for (a) Colorado test track and
(b) mainline track between New York and Washington (Selig and Waters, 1994).

With the vertical forces, the static component is the dead weight of the train and
superstructure, while the dynamic component, which is also known as the dynamic
increment, depends on the speed of the train and condition of the track. The distribution
of wheel load along the track is shown in Figure 2.4 (Selig and Waters, 1994). The static
load from the self-weight of the train often ranges from about 53kN for light rail
passenger services to as high as 174kN for heavy haul trains in North America (Selig and
28

LITERATURE REVIEW

Waters, 1994). The dynamic increment varies with the train section because it depends on
conditions such as defects in the rail irregular tracks. Figures 2.5 (a) and (b) show the
static and dynamic wheel loads plotted as cumulative frequency distribution curves for
the Colorado test track and the mainline track between New York and Washington
respectively (Selig and Waters, 1994).

As evident from Figure 2.5, the static wheel load distribution was obtained by dividing
the known, individual gross weights of the car by the corresponding number of wheels,
and the dynamic wheel load distribution was measured by strain gauges attached to the
rail. The vertical axis of the two figures gives the percentage of the total number of wheel
loads out of 20,000 axles, which exceeded the load on the horizontal axis. Clearly, the
dynamic increment was more noticeable for high vertical wheel loads and was more
significant for the mainline track between New York and Washington than the Colorado
test track. This was due to the perfect track conditions for the Colorado test track. It was
also noticed that the high dynamic load for the mainline track between New York and
Washington occurred at high speeds (Selig and Waters, 1994).

The lateral force acts parallel to the axis of the sleepers, and it is significant for both train
safety and passenger comfort. The principal sources of this type of force are the lateral
wheel force and buckling reaction force (Selig and Waters, 1994). The lateral wheel force
arises from the train reacting to geometric deviations in the self-excited hunting motions
which result from unstable bogies at high speeds, and the centrifugal forces in curved
tracks. The buckling reaction force arises when the rails due to the high longitudinal
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compressive stress in the rail as a result of an increase in its temperature. Previous
research shows that the lateral forces are more dependent upon the curvature of the track,
rather than the speed of the vehicle, with values 30-60% higher for curvatures over
2.2° (Ionescu D., 2004). The longitudinal force is the force that acts parallel to the rails.

2.3
2.3.1

Behaviour of ballast under Cyclic Loading
Permanent Deformation

During cyclic loading the deformation of granular materials is divided into resilient and
permanent deformation. Figure 2.6 shows the stress-strain curve of granular material
during one cycle (Lekarp et al., 2000). Settlement and lateral displacement are the forms
of permanent deformation of granular materials. Unlike resilient behaviour, not much
research has been done which focusses on the permanent deformation of ballast.

Figure 2.6 Strains in granular materials during one cycle of load application
(Lekarp et al., 2000)
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Indraratna et al. (2010b), observed the overall performance of the ballast layer during a
field trial at Bulli. To measure the vertical and horizontal deformations of ballast,
Indraratna et al. (2010b) installed settlement pegs and displacement transducers in
different sections of the track. A typical arrangement of settlement pegs and displacement
transducers is shown in Figure 2.7.

Figure 2.7 Installation of (a) A settlement pegs and displacement transducers;
(b) vertical and horizontal pressure cells (Indraratna et al., 2010b)
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To investigate the general performance of the ballast layer, the average vertical
deformation ( Sv ) avg , the average vertical strain (1 )avg , the average lateral deformation

( Sh )avg and the average lateral strain ( 3 )avg were taken as the mean measurements.

In field trails the vertical cyclic stress was measured under the rail while one coal train
was travelling. High impact loads were generated by wheel imperfections and thus the
influence of these loads must be carefully examined to account for further ballasted track
design and maintenance (Indraratna et al., 2010b). Figure 2.8 shows the relationship
between the highest vertical cyclic stresses ( Vr ) which were up to 232kPa at the time ( t ).

Figure 2.8 Vertical maximum cyclic stresses ( Vr ) transmitted to the ballast layer
underneath the rail by coal train with wagons (100t ) with a wheel irregularity
(Indraratna et al., 2010b)
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Figure 2.9 (a) Average vertical deformation ( Sv ) avg and average vertical strain (1 )avg ;
(b) average lateral deformation ( Sh )avg and average lateral strain ( 3 )avg ,
of the ballast layer (Indraratna et al., 2010b)
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The ( Sv ) avg and (1 )avg were plotted against the time ( t ) and number of cycles ( N ) in
Figure 2.9 (a). Figure 2.9 (b) indicates the relationship between ( Sh )avg and ( 3 )avg
against the time (t) and number of cycles ( N ) (Indraratna et al., 2010b). As shown in
Figure 2.9, the settlement and strain in fresh ballast were far more than those with
recycled ballast.
According to previous studies (Selig and Waters, 1994), well graded ballast undergoes
less track settlement. This field trial at Bulli also confirmed that moderately graded
recycled ballast performed well (with reduced settlement) due to its higher placement
density in comparison with uniformly graded fresh ballast.

Figure 2.10 Effects of train speed on dynamic stress (Kempfert and Hu, 1999)
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2.3.2

Factors Affecting Ballast Behaviour under Cyclic Loading

As the train speed varies at different places, it was necessary to investigate the effects of
loading frequency on ballast under cyclic loading. Kempfert and Hu (1999) showed that
at speeds up to 150km/hr and above 300km/hr and up to 400km/h, only have a slight
influence on the vertical dynamic stress. As can be seen in Figure 2.10, the dynamic
vertical stress in the substructure increased when the speed of the train rose from
150km /h to 300km/h.
Table 2.3 Details of cyclic triaxial tests
Test

Frequency,

Cyclic

Number of

Simulated velocity,

Number

f(Hz)

deviatoric

cycles,

V(km/h) on a

stress,

N

standard

qcyc (kPa)

gauge track

B10

10

374

1,000

B20

20

428

145

B30

30

482

218

B40

40

536

291

C10

10

374

C20

20

428

145

C30

30

482

218

C40

40

536

291

D10

10

374

D20

20

428

145

D30

30

482

218

D40

40

536

291

10,000

100,000
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Laboratory cyclic triaxial tests had been done using large scale triaxial equipment. Figure
2.11 shows the typical harmonic cyclic loading applied in this experiment (Indraratna et
al., 2010a). Cyclic tests were conducted up to 100,000 cycles with different frequencies
(10, 20, 30, and 40 Hz). Details of these tests are listed in Table 2.3.

Figure 2.11 Typical cyclic loading curve used for triaxial testing
(Indraratna et al., 2010a)
Figure 2.12 illustrates the relationship between axial strain (  a ) and the number of cycles
(N) with different frequencies (f).

 a increased significantly with f can be seen from the plot. Taking f at 10Hz as an
example,  a increased dramatically at initial cycles and then kept a similar level at large
N. This sudden rise in  a at a low N resulted from the re-arrangement of particles and
corner breakage. Figure 2.13 presents the relationship between volumetric strain  v
(compressive) and the number of cycles N with different frequencies f. There was a
gradual increase of  v to a constant level at low f (10-30Hz), but  v rise rapidly at f =
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40Hz and increased continously after almost 10,000 cycles. This demonstrated a
continuing cyclic densification under high frequencies.

Figure 2.12 Variation of axial strain  a at various frequencies (f) with number of cycles (N)
in the experiment (Indraratna et al., 2010a)

Figure 2.13 Variation of volumetric strain  v at various frequencies (f) with
number of cycles (N) (Indraratna et al., 2010a)
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2.4
2.4.1

Ballast Breakage
Crushing Mechanism

Under traffic loading the stresses in the ballast can cause significant internal strain
particle breakage. Particle degradation occurred in three ways (Raymond and Diyaljee,
1979): (a) angular projection breakage, (b) the breakage of particles into equal parts, (c)
the grinding-off of small scale asperities. As an angular material, major breakage derives
from corner degradation and attrition in the ballast. Some splitting was also indicated
(Indraratna et al., 2006).

Figure 2.14 Large coordination numbers are less helpful for more angular particles
(McDowellet al., 1996)
According to McDowell et al. (1996), the probability of particle breakage increases with
an increase in applied macroscopic stress, particle size, and reduction in the coordination
number (number of contacts with neighbouring particles). It also depends on the shape of
the particles, as shown in Figure 2.14 (McDowell et al., 1996).
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2.4.2

Breakage Representation

To quantify the magnitude of degradation, Indraratna et al. (2005) introduced a new
breakage index specifically for railway ballast. The ballast breakage index (BBI) is
determined by a change in the fraction after passing through a range of sieve sizes (Figure.
2.15). By utilising a linear particle size axis the BBI can be found from equation (1).

BBI  A / ( A  B)

(2.1)

where A is a shift in the particle size distribution (PSD) curve after the test, and B is the
potential breakage, or the area between the arbitrary boundary of maximum breakage and
the final PSD.

Figure 2.15 Ballast breakage index (BBI) (Indraratna et al., 2005)
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2.4.3

Researches on Particle Breakage

It is known that the particle breakage of ballast is governed by many factors, such as
loading conditions, aggregate density, grain angularity, confining pressure, and degree of
saturation, but previous researches did not consider the effect of confining pressure on the
behaviour of ballast. Indraratna et al. (2004; 2005; 2006) investigated the role of
confining pressure on ballast under cyclic loading. Figure 2.16 shows the effect of
confining pressure on particle degradation using the ballast breakage index (BBI). There
are three regions named in the Figure: (I) dilatants unstable, (II) optimum, and (III)
compressive stable degradation zones (Indraratna et al., 2005), respectively.
As can be seen from the figure, the confining pressure is low (  3  30kPa ) in region (I)
where rapid and considerable axial and expansive radial strains acted on the sample,
which lead to an overall volumetric increase or dilation. Particles do not have sufficient
time to rearrange during this period. Also, considerable degradation occurs via shearing
and attrition of angular projections. Due to the application of small confining pressures,
specimens in this degradation zone were characterised by a limited co-ordination number
as well as relatively small particle-to-particle contact areas.

The axial strain rate was greatly decreased due to an apparent increase in stiffness as the
confining pressure approached the middle (optimum) region (  3    kPa ). It is
worth noting that the overall volumetric behaviour was slightly compressive. In this
region the particles are held together in an optimum array with enough lateral
confinement to allow for an optimum distribution of contact stress and increased
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inter-particle contact areas. This would decrease the risk of breakage associated with
stress concentrations. While  3 increased up to the compressive stable region
(  3  75kPa ), the particles were forced to move against each other within a limited
space for sliding and rolling, with the result that particle breakage rose dramatically. In
this region the particles not only failed at the beginning of loading when the axial strain
rates are the highest, but also by the process of fatigue as the number of cycles increased.

Figure 2.16 Effect of confining pressure on particle degradation
(Indraratna et al., 2005)
Indraratna et al. (2010) performed laboratory experiments to investigate particle breakage
under cyclic loading. The influence of frequency ( f ) and number of cycles ( N ) on
ballast breakage is presented in Figure 2.17. The ballast breakage was quantified by using
the BBI for different values of f and N . As can be seen from the following figures
(Figure 2.17), the BBI increased with f . However, at lower values of f (e.g., f  
Hz), the BBI was not influenced by N. This clearly highlights that most of the ballast
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broke within 1000 cycles. A drastic increase in BBI can be found when 10Hz  f 
20Hz, a marginal increase in BBI in the zone 20Hz  f  30Hz, and a rapid increase in
BBI occurred when f  30 Hz. It has also been investigated from the laboratory tests
that in the zone 10 Hz  f  30 Hz, corner breakage was more pronounced, while
considerable splitting of ballast particles across their bodies can be observed at f  30 Hz.
In the range 20 Hz  f  0 Hz, the ballast became denser under cyclic loading, without
much additional breakage. However, more breakage occurred when f  30 Hz . High
permanent deformation can be found at higher frequencies, which was attributed to too
much particle degradation.

Figure 2.17 Variation of BBI with frequencies (f) at different number of cycles (N)
(Indraratna et al., 2010a)
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Recent studies (Thakur.et al. 2010) at University of Wollongong highlight particle
breakage plays a major role in the cyclic densification of ballast especially at high speed
train loading. Figure 2.18 below highlights the contribution of particle breakage on the
cyclic densification of ballast. It can be seen that the maximum densification observed in
case of unbreakable particles (no breakage) is 12 and 17mm at f = 20 and 40Hz while for
breakable particles they are around 45 and 67mm, respectively. There is around 73.98%
of densification due to breakage only. It indicates that the axial strain due to breakage
only has more contribution compare with the influencing of particle rearrangement. It is
recommended to develop a subroutine to capture this in half track model as part of future
investigation.

Figure 2.18 Comparison of cyclic densification (breakable and unbreakable particles)
after (Thakur.et al. 2010)
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2.5

Chapter Summary

This chapter described the literature review relevant to rail ballast and its behaviour under
cyclic loading.

Ballast is one of the most important components of rail track structure. It maintains the
track geometry by a rearrangement of particles, and transfers traffic loads to the
underlying substructure. There is a wide range of ballast gradations and specifications
around the world. A new gradation that considers particle breakage, as recommended by
Indraratna et al. (2004), was used in this research. The performance of ballast during
cyclic loading is influenced by various factors such as confining pressure, number of
cycles, loading frequency, and gradation, etc.

Field assessment and laboratory cyclic triaxial tests were used to study ballast settlement
and lateral displacement. Well graded ballast showed less settlement and lateral
displacements. Vertical settlement and lateral movement increased significantly at initial
cycles due to particle rearrangement and corner breakage during cyclic loading.

The ballast breakage index (BBI) was used in this research to represent particle breakage.
Cyclic triaxial tests were used to study ballast breakage under cyclic loading and the
effects of confining pressure and loading frequency were investigated.
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3. DEM APPLICATION IN RAILWAY ENVIRONMENT
3.1

Introduction

PFC2D has the ability to directly model entire boundary problems with a large number of
particles, so that the behaviour of granular materials can be simulated. However,
computational time must be reduced so that results can be obtained within an acceptable
time and the effect of different loading conditions can be investigated. A recent
application of PFC2D to model the fracture of ballast particles demonstrated that PFC2D
can reproduce the average strength, and variation in strength of real ballast particles.

3.2
3.2.1

Numerical Modelling using PFC2D
Discrete Element Method and PFC2D

The Discrete Element Method (DEM) pioneered by Cundall (1979) is an explicit finite
difference program. It is described as applying to programs that allow finite
displacement and rotation of discrete bodies, including complete detachment, and that
automatically recognise new contacts as the calculation progresses. In DEM the
interaction of the particles is treated as a dynamic process where a state of equilibrium
develops whenever the internal forces balance. The equilibrium contact forces and
displacement of a stressed assembly are found through a series of calculations that trace
the movements of individual particles. These movements are the result of a propagation
of disturbances through the particle system caused by specified wall and particle
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motion, and/or body forces. This is a dynamic process where the speed of propagation
depends on the physical properties of the discrete system.
The calculations performed in DEM alternate between the application of Newton’s
second law to the particles, and a force displacement (i.e. constitutive) law at the
contacts. Newton’s second law is used to determine the motion of each particle arising
from the contact and body forces acting upon it, while the force displacement law is
used to update the contact forces arising from the relative motion at each contact.

This dynamic behaviour in DEM is represented by a time stepping algorithm where the
velocities and accelerations are assumed to be constant within each time step. DEM is
based on the idea that the time step chosen may be so small that during a single time
step, a disturbance cannot propagate further from any particle than its immediate
neighbours. Then, at all times, the forces acting on any particle are determined
exclusively by its interaction with the particles with which it is in contact. This
numerical scheme is identical to that used by the explicit finite difference method for
continuum analysis, thus making it possible to simulate the non-linear interaction of a
large number of particles without excessive memory requirements, or the need for an
iterative procedure.
PFC2D models the movement and interaction of stressed assemblies of rigid spherical
particles using DEM. The distinct particles displace independently from one another and
interact only at contacts or interfaces between the particles. The particles are assumed to
be rigid and have negligible contact areas (contact occurs at a point). This behaviour at
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the contacts uses the soft contact approach whereby the rigid particles are allowed to
overlap one another at contact points. The critical time step calculated for the time
stepping algorithm in PFC2D is not equal to the minimum eigen period of the total system
because of impractical computational time. PFC2D uses a simplified procedure where the
critical time step is calculated for each particle and for each degree of freedom while
assuming that all the degrees of freedom are uncoupled. The final critical time step is the
minimum of all the calculated critical time steps. The actual time step used in any
calculation cycle is then taken as a fraction of this estimated critical value. PFC2D enables
the investigation of features that are not easily measured in laboratory tests, such as
co-ordination numbers, inter-particle contact forces, and the distribution of normal
contact vectors. Furthermore, it is possible to compose bonded particles into
agglomerates and simulate fracture when the bonds break.

3.2.2

Calculation Cycle

The calculation cycle in PFC2D is a time stepping algorithm that requires the repeated
application of the law of motion to each particle, a force displacement law at each contact,
and a constant updating of wall positions. External loads are applied to the system by
moving the walls with fixed velocities- i.e. by strain control (stress control can be
achieved by using a servo control mechanism). The calculation cycle is illustrated in
Figure 3.1.

At the start of each time step the set of contacts is updated from the known particle and
wall positions. The force displacement law is then applied to each contact to update the
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contact forces based on the relative motion between the two entities at the contact and the
contact constitutive model. Next, the law of motion is applied to each particle to update
its acceleration, velocity, and position based on the resultant force and moment arising
from the contact forces, and any body forces acting on the particle such as gravity. Lastly,
the wall positions are updated based on the specified wall velocities.

Figure 3.1 Calculation cycle using in PFC2D (Itasca Consulting Group, Inc., 2004)

The force displacement law at a contact is applied at the start of each cycle to each contact
to obtain new contact forces. The contact force vector Fi , which represents the action of
one entity on the other can be determined by adding the normal and shear force vectors at
the contact as:

Fi  Fi n  Fi s
where Fi

n

(3.1)
s

and Fi are the normal and shear contact force vectors, respectively. The

normal contact force vector is simply determined by the overlap between two contacting
entities as:
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Fi n  K nU n ni
where

(3.2)

K n is the normal stiffness at the contact, U n is the overlap of the two contacting

entities and ni is the unit normal vector directed along the line between the centre of the
ball, for ball to ball contact, or directed along the line defining the shortest distance
between the centre of the ball and the wall, for ball to wall contact. The shear contact
force, however, is calculated in a more complicated manner because it is computed in an
incremental fashion. When a contact is formed the total shear force at that contact is set to
zero. The relative shear displacement at the contact point of the two contacting entities
will cause an increment in the shear force to develop at the contact. This increment in
shear force is calculated by considering the relative velocity, which is defined as the
contact velocity Vi , between the two entities at the contact point. This contact velocity is a
function of translational velocity and the rotational velocity of the two contacting entities.
The shear component of this contact velocity is used to determine the incremental shear
displacement as:

Ui s  Vi s t

(3.3)

where U i is the increment in shear displacement, Vi is the shear component of the
s

s

contact velocity and t is the critical time step. The increment in shear force due to the
increment in shear displacement is given by:

Fi s   K s U i s

(3.4)

where Fi is the increment in shear force and Ks is the shear stiffness at the contact.
s

49

DEM APPLICATION IN RAILWAY ENVIRONMENT

Finally, the new shear force at the contact is found by summing the current elastic shear
force at the contact with the increment in shear force as:

Fi s  Fi s 

current

where

F 
s

 Fi s

current

i

(3.5)

is the current elastic shear force. The current elastic shear force is

updated with every time step to take account of the motion of the contact. The new total
resultant forces and moments on the two contacting entities will be used in the next time
step to calculate the accelerations via Newton’s second law, which are integrated via the
time stepping scheme to give velocities and displacement.

The motion of a single rigid particle is determined by the resultant force and moment
vectors acting upon it and can be described in terms of the translational and rotational
motion of the particle. The equations of motion can be expressed as two vector equations,
one of which relates the resultant force to the translational motion, and the other which
relates the resultant moment to the rotational motion. The equation for translational
motion can be written in the vector form:

Fi  m( xi  gi )

(3.6)

where Fi is the sum of all externally applied forces acting on the particle, m is the mass
of the particle, xi is the acceleration of the particle at the centre of mass, and g i is the
body acceleration vector (e.g., acceleration due to gravity). The equation for rotational
motion can be written in the vector form:
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M i  Ii

(3.7)

where M i is the resultant moment acting on the particle, I is the moment of inertia of the
particle about its centred gravity ( I 

1
mR 2 for a disk shaped particle, where R is the
2

radius), and i is the angular acceleration of the particle.

At each time step, the equations of motion given by equations 3.6 and 3.7 are integrated
twice, using a centred finite difference procedure, for each particle to provide updated
velocities and new positions. The translational velocity xi and angular velocity i are
computed at the mid-intervals of t  nt / 2 , where n is a positive integer, and the
position xi, translational acceleration xi , angular acceleration i , resultant force Fi and
resultant moment Mi are computed at the primary intervals of t  nt . The translational
and rotational accelerations at time t are calculated as:

1 (t t /2)
( xi
 xi ( t t /2) )
t
1
 (i (t t /2)  i ( t t /2) )
t

xi (t ) 

i

(t )

(3.8)

The translational and rotational velocities at time (t + Δt/ 2) are computed by inserting
equation 3.8 into equations 3.6 and 3.7:

Fi (t )
xi
 xi
(
 gi )t
m
M (t )
i (t t /2)  i (t t /2)  ( i )t
I
( t t /2)

( t t /2)

(3.9)

Finally, the velocities in equation 3.9 are used to update the position of the particle centre
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as:

xi (t t )  xi (t )  xi (t t /2) t

(3.10)

The calculation cycle for the law of motion can be summarized as follows: the values of
resultant force and moment on a ball, Fi (t ) and M i (t ) respectively, are determined using
the force-displacement law. Using the translational and angular velocities of the last
calculation cycle, xi (t t /2) and i (t t /2) respectively, equation 3.9 is then used to obtain
xi (t t /2) and i (t t /2) , which are the translational and angular velocity for the next

calculation cycle. The new particle position, X i (t t /2) , is obtained using equation 3.10.
The values of Fi (t t ) and M i (t t ) , to be used in the next cycle, are obtained by
application of the force-displacement law again.

3.2.3

Clump Logic in PFC2D

PFC2D contains clump logic which can create and modify groups of slaved particles
(Itasca Consulting Group, Inc., 2004). The clump behaves as a rigid body (i.e., the
particles comprising the clump remain at a fixed distance from each other).

Internal contacts of the clump are skipped during the calculation cycle. It can save
computing time compared to a similar calculation where all the contacts are active.
However, external contacts of the clump are not affected (i.e., such contacts will develop
when the particles comprising the boundary of a clump come into contact with other
particles). Particles within a clump may overlap to any extent; contact forces are not
generated between these particles, but any contact forces that exist when the clump is
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created or when a particle is added to the clump will be preserved unchanged during
cycling. Therefore, a clump performs as a rigid body that will not break apart, regardless
of the forces acting upon it.

The basic mass properties of a clump are: total mass, m; location of the center of mass,

xi[G ] ; and moments and products of inertia, Iii and Iij . For a general clump comprised of
Np balls, m[p] is mass of a ball, R[p] is the radius and xi

[ p]

is the centroid location of the

ball. The mass properties are given by:
Np

m   m[ p ]

(3.11)

p 1

N

xi

[G ]

1 p [ p] [ p]
  m xi
m p 1

(3.12)

Np

2


I ii   m[ p ] ( x j[ p ]  x j[G ] )( x j[ p ]  x j[G ] )  m[ p ] R[ p ] R[ p ] ;( j  i )
5

p 1 
Np

I ij   m ( xi
[ p]

p 1

[ p]

 xi )( x j
[G ]

[ p]

 xj

[G ]

);( j  i )

(3.13)

The moments and products of inertia are defined with respect to a reference frame that is
attached to the clump at its center of mass and aligned with the global axis system. In
general, this will be a non-principal set of axes (i.e., Iij = 0).

3.2.4

Contact Constitutive Model

The overall constitutive behaviour of a material was simulated in PFC2D by associating a
simple constitutive model for each contact. The constitutive model acting at a particular
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contact consists of three parts: a stiffness model (consisting of a linear or a simplified
Hertz-Mindlin Law contact model), a slip model, and a bonding model (consisting of a
contact bond and/or a parallel bond model). The contact logic is illustrated in Figure
3.2(Itasca Consulting Group, Inc., 2004).

The stiffness model relates the contact forces and relative displacements in the normal
and shear directions via the force displacement law. The normal stiffness is secant
stiffness, since it relates the total normal force to the total normal displacement.

Fn  knU n

(3.14)

The shear stiffness is a tangent stiffness, since it relates the increment of shear force to the
increment of shear displacement.

Fs  ks U s

(3.15)

PFC2D provides two types of contact stiffness model: a linear model and a simplified
Hertz-Mindlin model. The linear contact model is defined by the normal and shear
stiffnesses kn and ks (force/displacement) of the two contacting entities, which can be two
balls, or a ball and a wall. The normal stiffness is a secant stiffness, which relates the total
normal force to the total normal displacement, while the shear stiffness is a tangent
stiffness, which relates the increment of shear force to the increment of the shear
n

s

displacement. The contact normal and shear stiffnesses K and K , which are denoted by
the upper case K, are computed by assuming that the stiffnesses kn and ks of the two
contacting entities act in series, and are given by:
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k n[ A ] k n[ B ]
K  [ A]
k n  k n[ B ]
n

(3.16)

k s[ A ] k s[ B ]
K  [ A]
k s  k s[ B ]
s

where superscripts [A] and [B] denote the two entities in contact. The simplified
Hertz-Mindlin model is defined by the elastic properties of the two contacting balls: i.e.
shear modulus G and Poisson’s ratio v. When the Hertz-Mindlin model is activated in
PFC2D, the normal and shear stiffnesses are ignored and walls are assumed to be rigid.
Hence, for ball to wall contacts, only the elastic properties of the ball are used and for the
ball to ball contacts, the mean values of the elastic properties of the two contacting balls
will be used. Tensile force is not defined in Hertz-Mindlin model. Thus, the model is not
compatible with any type of bonding model. It should also be noted that PFC 2D does not
allow contact between a ball with the linear model and a ball with the Hertz model.

The slip model limits the shear force between two contacting entities. A ball and a wall
can each be given a friction coefficient, and the friction coefficient at the contact, μ, is
taken to be the smaller of the values of the two contacting entities. The slip model will be
deactivated in the presence of a contact bond and will be automatically activated when the
bond breaks. The maximum elastic shear force FSmax, that the contact can sustain before
sliding occurs is given by:

F S max   Fi n

(3.17)
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where Fi

n

is the normal force at the contact. If the shear force at the contact calculated

by equation 3.17 exceeds this maximum elastic shear force, the magnitude of the shear
force at the contact will be set equal to the maximum elastic shear force FSmax. It should be
noted that setting

  0 means that the two contacting entities will slip at all times

because elastic shear force cannot be sustained.

(3.14)
(3.15)

(3.17)

Figure 3.2 Contact logic in PFC2D (Itasca Consulting Group, Inc., 2004)
The bonding model in PFC2D allows balls to be bonded together to form arbitrary shapes.
There are two types of bonding models in PFC2D: a contact bond model and a parallel
bond model. The contact bond model is a simple contact bond which can only transmit
force and is defined by two parameters: the normal contact bond strength Fc
s

n

(in

Newtons) and shear contact bond strength Fc (in Newtons). A contact bond can be
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envisaged as a point of glue with constant normal and shear stiffness at the contact point.
The contact bond will break if either the magnitude of the tensile normal contact force or
the shear contact force exceeds the specified bond strength. Thus, the shear contact force
is limited by the shear contact bond strength instead of the maximum elastic shear force
given by equation 3.17. As a result, either the contact bond model or the slip model is
active at any given time at a contact. The bonding logic is shown in Figure 3.3(a) and (b)
(Itasca Consulting Group, Inc., 2004).

(a)

(b)

Figure 3.3 Bonding logic in PFC2D (Itasca Consulting Group, Inc., 2004)

A parallel bond (PB) approximates the physical behaviour of a substance like cement
lying between and joining the two bonded particles. Parallel bonds establish an elastic
interaction between particles that act in parallel with the slip or contact bond constitutive
models. A parallel bond provides a connection between two particles that resists both
forces and moments applied to the particles after the bond has been installed. Parallel
bonds can transmit both force and moment between particles, while contact bonds can
only transmit force acting at the contact point. The total force and moment associated
with the parallel bond are denoted by Fi and M 3 , with the convention that this force
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and moment represent the action of the bond on particle B of Figure 3.4.

The force vector can be resolved into normal and shear components with respect to the
contact plane as:
n

Fi  Fi  Fi

s

n

(3.18)
s

where Fi and Fi denote the normal and shear component vectors, respectively.

Figure 3.4 Parallel bond depicted as a finite-sized piece of cementatious material
(Itasca Consulting Group, Inc., 2004)

The maximum tensile and shear stresses acting on the periphery of the bond are
calculated by:
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 max

n
M3
F


R
A
I

 max 

(3.19)

Fi s
A

where,  max and  max are the maximum tensile and shear stresses acting on the periphery
n

s

of the bond, F and Fi are the normal and shear forces acting on the bond, M 3 is the
total moment associated with the parallel bond, R is the radius of the parallel bond, A is
the area of the bind cross-section and I is the moment of inertia of the bond cross-section.
If the maximum tensile stress exceeds the normal strength (  max   c ) or the maximum
shear stress exceeds the shear strength (  max   c ), then the parallel bond breaks.

3.2.5

Wall Control

Load is applied in PFC2D by specifying wall velocity: i.e. tests are usually strain
controlled. To achieve stress control, a numerical servo-mechanism is implemented. This
is described in PFC2D manuals (Itasca Consulting Group, Inc., 2004).

The wall velocity is adjusted in a diminishing manner as the stress on the wall approaches
( w)
the target stress. The wall velocity, u , for each time step is a function of the difference

measured

between measured and required stress on the wall, σ

required

and σ

respectively, and a

‘gain’ parameter, G, as follows:

u ( w)  G( measured - required )

(3.20)
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(w)

The maximum increment in wall force ΔF

arising from the wall moving with a velocity

u ( w) in one time-step, Δt, is given by:

F 

w

 kn ( w) Ncu ( w) t

(3.21)

where Nc is the number of contacts on the wall and kn

( w)

is the average normal stiffness

of these contacts. Thus, the change in mean wall stress Δσ(w) due to this maximum
increment in wall force is calculated as follows:



w

where

kn ( w) N cu ( w) t

A

A

(3.22)

is the wall area. It should be noted that ΔF

(w)

given by equation 3.21 is the

maximum increment in wall force, for same number of contacts, because it does not
consider movement of the balls at the contacts: i.e. it assumes that the balls in contact with
the wall are stationary. Hence, when loading an assembly of balls, this maximum
increment in wall force is unlikely to be achieved because the balls are moving, unless the
assembly is extremely stiff. However, there is always a possibility that new contacts
might occur within a time-step or before updating the gain parameter, which is performed
every specified number of cycles by updating the number of contacts on the wall. This
might cause an increment in the wall force to exceed the maximum increment in wall
force calculated by equation 3.21. If this happens and the target stress is exceeded, this
may lead to an unbounded oscillation about the target stress, which will lead to instability
in the system. Hence, a relaxation factor α, is introduced to make sure that the absolute
value of the change in wall stress is less than the absolute value of the difference between
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the measured and target stresses as:

 (w)   

(3.23)

where Δσ is the difference between the measured and target stresses and α < 1.
Substituting equations 3.20 and 3.22 into equation 3.23 gives:

kn ( w) N cG  t
  
A

(3.24)

and the gain parameter is determined as:

G

A
kn N c t

(3.25)

( w)

It should be noted that the servomechanism can also be used to keep the stress on the wall
constant, e.g. constant confining stress in a triaxial test.

3.3

Simulating Ballast Behaviour in PFC

To investigate permanent deformation is costly because it takes a long time to measure it
in the field. DEM modelling provides a reasonable way of performing thousands of
cycles of load to measure permanent deformation within much less time. Also, it is hard
to analyse the micro-mechanism of ballast breakage through field assessment and large
scale triaxial tests. DEM modelling can easily solve these problems.
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3.3.1

Permanent Deformation

By using DEM modelling, Indraratna et al. (2010a) investigated the major deformation
and degradation of ballast that occurred in the initial number of cycles (N<1,000), and the
results are shown in Figure 3.5 in which bond has also been presented for comparison.

As can be seen from Figure 3.5, DEM simulation captured the cyclic densification of
ballast during cyclic loading. The trend of axial strain  a during cyclic loading is very
similar to the laboratory experiments. It was also evidence from the numerical testing that
the frequency of cyclic loading (f) has a significant influence on the  a of granular
materials.

Figure 3.5 Comparison of axial strain (  a ) observed in the experiment and in the DEM
(Indraratna et al., 2010a)
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3.3.2

Ballast Breakage

Figures 3.6, 3.7, and 3.8 present the results of numerical modelling of ballast under cyclic
loading (Indraratna et al., 2005a). It is evident from Figure 3.6 that the cumulative bond
breakage (Br), defined as a percentage of bonds broken, compared to the total number of
bonds at different f and N. As can be seen, Br increases with an increase in f and N. Most
of the bond breakages were found during the initial loading cycles (e.g., 200 cycles),
which caused a higher, permanent  a . Once the bonds stopped breaking there was an
insignificant increase in  a , as can be observed. This clearly highlights that particle
degradation is one of the major sources responsible for permanent deformation.

Figure 3.6 Effects of frequency (f) on bond breakage (Br)
with number of cycles (N) (Indraratna et al., 2010a)
Figure 3.7 illustrates the relationship between Br and  a at various f (10 – 40 Hz). As
can be seen from this figure, there is a linear relation between Br and  a for different
values of f.
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Figure 3.7 Trend of bond breakage (Br) with axial strain(  a )
at various frequencies (f) (Indraratna et al., 2010a)

Figure 3.8 Breakage trend in DEM simulation with frequency (f)
(Indraratna et al., 2010a)
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Figure 3.8 shows the variation of bond breakage (Br) with f after 1,000 cycles. The
variation of Br with f was similar to the variation of BBI that can be found from the
laboratory data in Chapter 2 (see Figure 2.16). As expected, Br increased with f until
f =20 Hz, and then there was an insignificant increase in Br between 20 Hz  f  30 Hz,
followed by drastic increase of Br for f  30 Hz Particle breakage is one of the main
factors influencing the behaviour of ballast under cyclic loading.

Figure 3.9 presents enlarged views of particles before and after bond breakage (Indraratna
et al., 2010a). The contact force (CF) of particle Y2 [Figure 3.9(a)] developed as
compressive before breakage. In Figure 3.9 (b), the CF acting on particles Y2 induced
tensile and compressive bond forces in the bond joining particles i and ii. As the cyclic
load continued the induced tensile stress exceeded the tensile strength of the particle,
causing it to break in tension [Figure 3.9(c)]. As can be seen from Figure 3.9 (c) and (d),
particles i and ii then separated after breakage. CF distribution after breakage is shown in
Figure 3.9 (d).
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Figure 3.9 Details of particle condition: (a) Contact force chains and (b) bond forces
before bond breakage; (c) bond forces and (d) contact force chains after bond breakage at
40Hz frequency during cyclic loading (Indraratna et al., 2010a)

Figure 3.10 Displacement vectors and location of bond breakage after 500 cycles at
40Hz frequency during cyclic loading (Indraratna et al., 2010a)
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Figure 3.11 Effects of bond breakage on contact force chains at different stage of cyclic
loading at 40Hz frequency (Indraratna et al., 2010a)

Moreover, Figure 3.10 illustrates that major particle breakage has occurred in the
direction of particle movement. Figure 3.11 explains the development of CF chains and
associated bond breakage at different stages of cyclic loading. At the first cycle of loading
[Figure 3.11(a)], the main contact force chains were developed in the major principal
stress direction with good contacts between the particles. After 100 cycles [Figure
3.11(b)], contact between the particles weakened because of bond breakage, which
resulted in weaker CF chains in the direction of major principal stress. After 500 cycles
[Figure 3.11(c)], the broken particles rearranged themselves and became compacted,
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which stopped any further breaking and resulted in solid and more uniform CF chains in
the direction of major principal stress. This phenomenon clearly explains that the
formation of CF chains in the assembly during cyclic loading is a dynamic process that is
significant influenced by particle breakage.
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3.4

Chapter Summary

This chapter presents the background of DEM and its basic software PFC2D in the
second part, followed by the the application of DEM to a railway environment. DEM is
believed to be a valid tool for research into the behaviour of discrete granular materials.
Some feature and logics of PFC, such as the calculation cycle, the contact constitutive
model and wall control, have already been discussed.

Numercial simulation in DEM captured the densification of ballast during cyclic loading
cooperating with different load frequencies. A comparison of the results in DEM and the
experiment is similar which shows that the frequency of cyclic loading has a crucial
influence on the deformation of ballast.

DEM modelling showed that most particle breakages occurred in the initial cycles during
cyclic loading and caused higher initial axial strain and vertical settlement. Axial strain
and particle breakage have a linear relationship. The development of contact force (CF)
chains in the granular particles were controlled by particle breakage in the DEM
simulation.
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4. MODEL DEVELOPMENT AND CALIBRATION
4.1

Introduction

DEM simulations have recently been carried out to study the effect of crushing on the
permanent deformation and degradation of ballast (Sebastian and Luis, 2006). DEM has
also been applied on a half track to investigate the effects of train weight, train speed, and
traffic volume, on ballast settlement under repeated loading profile applied on the top of a
single tie (Hai and Erol, 2011). The effectiveness of confining pressure, particle breakage
(Indraratna et al., 2010a), geosynthetic reinforcement, stone blowing and tamping of rail
track ballast beds (Sebastian and Luis, 2010) have also been investigated in DEM
simulations. This chapter shows the development of a model with various size and shape
particles of real ballast in PFC2D and the validation of the results of a developed model
with laboratory experiments.

4.2

Modelling Irregular Ballast Particles in PFC2D

In New South Wales (NSW), Australia, lattite was commonly used as railway ballast.
Lattite is a dark, volcanic rock containing the main minerals, feldspar. For the laboratory
experiments, the fresh particles of ballast were first washed to make it free from dust,
dried and put through a set of sieves (53mm, 45mm, 37.5mm, 31.5mm, 26.5mm, and
19mm), and then stored separately. After that, different size particles were painted red,
white, yellow, and green, and also their original colour.
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According to different sized sieves, the particles were divided into five categories:
(1) passing 53 mm and retaining 45 mm;
(2) passing 45 mm and retaining 37.5 mm;
(3) passing 37.5 mm and retaining 31.5 mm;
(4) passing 31.5 mm and retaining 26.5 mm;
(5) passing 26.5 mm and retaining 19 mm.
The photograph of each of the selected ballast particles were taken at the same elevation
so that their size remains the same. Table 4.1 presents the fifteen representative particles
of ballast s (three particles were selected from one size sieve range) with three different
shapes which were used to model real, irregular ballast particles with different sizes and
shapes in PFC2D (Indraratna et al., 2010a).

The photograghs of the real ballast particles were first imported into AutoCAD in layer 1
with same scale to remain the true size of the ballast. After that the images were covered
by various tangential circles with their exclusive identification number (ID) in layer 2.
The radius, and the X and Y values at the centre of each circle were extracted from
AutoCAD to locate the circular particles (irregular ballast particles) for DEM simulation.
The irregular ballast particles were called R1, R2, R3; W1, W2, W3; Y1, Y2, Y3; G1,
G2, G3; N1, N2 and N3 (see Table 4.1).
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Table 4.1 Selected ballast particles for the DEM simulation (Indraratna et al., 2010a)
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To model irregular ballast particles in PFC2D, say W1 for example, the radius and central
coordinates of these circles were first recorded in AutoCAD and then imported to PFC2D
to generate “balls”. These circular particles were bonded together as a clump which is
similar to angular ballast as a blocky system. See Section 3.2.3 for more details on the
clump logic used in PFC2D.

Figure 4.1 Representative ballast particles (W1) in PFC2D Simulation

4.3

Preparation of PFC2D Simulation

The particle size distribution (PSD) adopted in this simulation is shown in Figure 4.2.
A 600 mm high × 300 mm wide cyclic biaxial cell was generated in PFC2D with the same
dimensions as the large scale triaxial equipment. Sub-routines were developed (using the
FISH Language) in PFC2D to generate irregular ballast particles and filler particles. In
order to achieve the specified porosity, the biaxial cell was filled with some more circular
particles (filler particles).

The parameters used for the biaxial simulation were shown in Table 4.2. The initially
generated assembly for the DEM is presented in Figure 4.3.
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Figure 4.2 PSD of ballast particles adopted in biaxial test simulation

Granular materials are particulate in nature, hence stress and strain do not exist at each
point in a particle assembly as continuous variables. Therefore, an averaging
measurement was used to compute average stress and strain rate tensors within a specific
area. The procedure established in this study was to simulate the cyclic biaxial tests by
confining a rectangular cell (comprised of a compacted particle assembly) within four
walls. These walls can continue to act as boundary constraints. It was not possible to
apply forces directly to walls so to maintain the specific force, the velocities of these
walls can be controlled by a numerical servo-mechanism (see Section 3.2.5). The top and
bottom walls simulated the loading platens, and the left and right walls simulated the
confinement experienced by the side wall. The cell was loaded in a strain controlled
manner by specifying the velocities from the top and bottom walls. At every stage of the
biaxial tests, the velocities of the left and right walls were automatically controlled by a
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numerical servo-mechanism that maintained a constant confining stress within the cell. It
should be noted that these walls only interact with balls (assemblies), and not with each
another. The lateral walls were assigned a stiffness that is one tenth that of the particle
stiffness in order to simulate a “soft” confinement. The stresses and strains were
determined by summing the forces acting upon, and relative distance between, the
appropriate walls.
Table 4.2 Micromechanics Parameters used in the biaxial test
(after Indraratna et al., 2010a)
Micromechanics Parameters

Values

Particle density (kg/m3)

2,500

Radius of particles (m)

16×10-3 – 1.8×10-3

Inter-particle and wall friction coefficient

0.25

Particle normal and shear contact stiffness (N/m)

3×108

Side wall stiffness (N/m)

3×107

Top and bottom wall stiffness (N/m)

3×108

Parallel bond radius multiplier

0.5

Parallel bond normal and shear stiffness (N/m)

6×1010

Parallel bond normal and shear strength (N/m2)

5×106

Specifically, the stresses were computed by taking an average of the stresses acting on
each set of opposing walls, where the stresses on each wall were computed by dividing
the total force acting on the wall by the appropriate length of the sample. The strains in
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both the X and Y directions were calculated using the relationship:



L  L0

(4.1)

1
( L0  L)
2

where L is the length of the cell in the corresponding direction and L0 is the original length
of the cell in that direction.

Magnified view
in Figure 4.9

Figure 4.3 Initial assembly of the cyclic biaxial test in PFC2D
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4.4

Cyclic Biaxial Test Simulation and Calibration

It was reported from the laboratory experiments (Indraratna et al., 2010a) that the
optimum confining pressure, say around 60kPa, can lead to the least amount of particle
breakage during cyclic loading. As a result, a confining pressure (  3 ) of 60kPa was
adopted in this current study and was thus set on the two lateral walls for further
numerical simulations.
Table 4.3 Summary of loading conditions in laboratory tests and in DEM simulation
(after Indraratna et al., 2010a)

Frequency,

Cyclic deviatoric

Cyclic deviatoric

Number

f (Hz)

stress, qcyc (kPa)

stress, qcyc (kPa)

of cycles,

laboratory triaxial tests DEM biaxial simulation
5

-

320

10

374

374

20

428

428

25

-

455

30

482

482

40

536

536

50

-

590

N

1,000

After the ballast particles and biaxial cell were generated, the sample was cycled until an
isotropic stress state up to the ratio of mean unbalanced force to mean contact force, or the
ratio of maximum unbalanced force to maximum contact force, reached 0.005. At this
stage the particles were treated as clumps to avoid particle breakage. The sample was
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cycled statically until the cyclic deviatoric stress (qcyc) reached the mean stress. The axial
strain (  a ), frequency (f), number of cycles (N) and the bond breakage (Br) were recorded
at every step. The details of the laboratory cyclic triaxial tests and the cyclic biaxial
simulation are listed in Table 4.3 (after Indraratna et al., 2010a).
4.4.1

Permanent Deformation

Figure 4.4 shows the typical sinusoidal loading curve represented in the form of an
applied cyclic deviatoric stress (qcyc) with time (mean stress, m=232kPa;
amplitude=374kPa) at the frequency (f) of 10 Hz.

Figure 4.4 Typical deviatoric stress loads applied for 10Hz frequency

The load was cycled between two stress states, i.e., qmin and qmax. The minimum and
maximum cyclic stress can be calculated from qmin   1min   3 and qmax   1max   3 ,
where  1min and  1max are the minimum and maximum principle stresses, respectively.
qmin was maintained at a constant 45kPa to represent the unload state of the track, such as
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the weight of sleepers and rails (Indraratna et al., 2010a). The mean stress was equal to
an average of the minimum and maximum cyclic deviatoric stress, which was 232kPa at
f =10Hz.
Figure 4.5 presents the variation of axial strain (  a ) with the number of cycles (N) for
different frequencies (f) of cyclic loading. It is evidenced from the figure that f had a
significant influence on  a (  a increases with f ).

Figure 4.5 Variation of axial strain (  a ) with N at different f in the DEM simulation
For a particular value of f,  a rapidly increased to maximum value in the initial cycles
(e.g., 8% at N = 200 for f = 25Hz), after which a permanent  a attained a constant value at
a large N. This sudden increase in  a at low values of N can be attributed to particle
rearrangement and corner breakage. In addition, with an increase in f , higher values of
N were required to stabilize  a .
Figure 4.6 shows a comparison of axial strain (  a ) at various frequencies ( f ) with the
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number of cycles ( N ) in DEM, with the laboratory results(Indraratna et al., 2010a) for
selected values of frequency.

.

Figure 4.6 Comparison of axial strain (  a ) observed in the experiment and in the DEM
As can be seen from Figure 4.6, both the experiment results and DEM results showed
there was a significant increase of  a with f during cyclic loading. It is evident from the
figure that DEM simulations have captured the same behaviour seen in the laboratory
experiments. This match of the results in DEM and in the experiments is good enough to
calibrate the DEM model. This model then has been used to study the behaviour of ballast
in a half track under cyclic loading (see Chapter 5).
4.4.2

Breakage Behaviour

In the current study, bond breakage (Br) was used to represent the breakage of ballast. The
bond breakage Br is defined as the ratio of the broken bonds compared to the total number
of bonds.
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Figure 4.7 Effects of different f on bond breakage ( Br ) with the number of cycles ( N )

Figure 4.7 illustrates the variation of broken bonds with the number of cycles for different
values of frequency. It is evident that the Br increased with the frequency of cyclic loading
( f ) and number of cycles ( N ). It should be noted that all the bonds were broken at initial
cycles (around 200 cycles), which highlight that breakage is one of the major factors
influencing the development of permanent  a at low N (Figure 4.7). Once the broken
bonds reached a constant value at higher N,  a also exhibited a unique behaviour (Figure
4.5). Therefore, the breakage of ballast is the main factor influencing the permanent
deformation of the ballast layer.
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Figure 4.8 The relation between frequency ( f ), bond breakage ( Br ) and BBI
Figure 4.8 shows the variation of the breakage of bonds (Br) and Ballast Breakage Index
(BBI) with frequency (f). Although the BBI adopted in the laboratory experiments was
different to Br, they can both represent the intensity of particle breakage during cyclic
loading. Similar to the laboratory results, Br increased rapidly at region 1 (
), remained constant in region 2 (

), and then increased

significantly in region 3 ( f  30 Hz ).

In region 1 (

), the stress applied onto the particles lead to sliding and

rolling to maintain good compaction. Specifically for angular material such as ballast,
these stresses concentrated on the corners which caused them to break, so the corner
breakage of irregular particles was the main influencing factor during cyclic loading at
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low frequency.

In region 2 (

), the packing of particles became optimum and not much

additional breakage occurred. Corner breakage was still the major factor because the
stresses were not too high to split the particles. Therefore, the particles densified without
much additional breakage when

.

In region 3 ( f  30 Hz ), an increase in the stresses applied on particles caused the
sliding and rolling particles to seize. Lots of particles then split and broke across their
bodies which in turn lead to more degradation and permanent deformation. Consequently,
particle breakage played a significant role in the permanent deformation and degradation
of ballast during cyclic loading. This is further explained in Section 4.4.4.
4.4.3

Micro-mechanical Explanation

Figure 4.9 (a and b) shows the displacement vectors for assemblies at N=1 and N=200,
respectively. It is evident from the figure that the permanent axial strain (  a ) was
attributed by particle breakage. During cyclic loading the particles were moved in the
direction of major principal stress, while the degradation of bonds concentrated in the
direction of particle movement.
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Degradation due to breakage

Breakage point

Displacement vectors
(a)

(b)

Figure 4.9 (a) Displacement vectors and (b) position of bond breakage in DEM
simulation at N=200
4.4.4

Micro-mechanical Investigation of Breakage

Figure 4.10(i, ii, and iii) presents enlarged views of initial assembly and assemblies after
100 and 200 cycles of loading at a frequency f = 20Hz, respectively. It highlights the
particle breakage and re-arrangement of broken particles during cyclic loading in a
biaxial simulation.

The initial geometry of particles A and B is presented in Figure 4.10 (i). After 100 cycles
of loading (Figure 4.10 ii), the particles continued to slide and roll (see A1 and A2) in
order to maintain compaction. The stresses which concentrated on the corners of particle
B caused corner breakage (see B1 and B2). Hence, corner breakage was the main
influencing factor during cyclic loading, especially at a low frequency of cyclic loads.
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A
B

Original particles

(i)

A and B
Sliding and rolling of
particles A

A1
A2

B2
B1

(ii)

Conner breakage of
particle B

A
A2

A11
A121

(iii)
Particle breakage of A

Figure 4.10 Portion of (i) initial assembly and (ii) assembly after 100 cycles at f = 20Hz
and (iii) assembly after 200 cycles at f = 20Hz showing explanations
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As the loading continued, as can be seen from Figure 4.10 (iii), the increase of stresses
applied to particles A caused them to split and break across their bodies (see A11, A12 and
A2). Those broken particles eventually moved to the void space in the assembly and
caused permanent deformation. Thus, particle breakage is evidenced as the main factor
on permanent deformation of ballast during cyclic loading.
4.4.5

Mechanism of CF Chains Development

(a) N = 1

(b) N = 200

Figure 4.11 Effects of bond breakage on CF chains and distribution of broken bonds at (a)
N = 1 and (b) N = 200
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Figure 4.11 illustrates the development of CF chains associated with a different number
of cycles of cyclic loading. During cyclic loading, contact force (CF) chains developed in
the direction of major principle stress (Figure 4.11a). The distribution of uniformly
developing CF chains due to bond breakage in the direction of major principle stress can
be seen from Figure 4.11b.

It is clearly highlighted that the formation of CF chains during cyclic loading is a dynamic
process and is significantly influenced by particle breakage.
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4.5

Chapter Summary

This chapter presents the different stages of modelling irregular particles of ballast and
the preparation of samples for PFC2D simulation, followed by a cyclic biaxial simulation
and calibration.

The results of numerical modelling captured the behaviour of ballast and particle
breakage at different frequencies of cyclic loading. The DEM results are similar to the
laboratory results. The DEM simulation showed that most particle breakage and
deformation occurred during the initial cycles, and the frequency of cyclic loading has
major influence on the degradation and permanent deformation of ballast. Particle
breakage also plays a key role in permanent deformation and degradation of ballast
during cyclic loading.

In the DEM simulation, bond breakage (Br) increased with the frequency of cyclic
loading ( f ) and number of cycles ( N ). Most bonds were broken at the initial cycles
which is the main factor contributing to an increase of permanent  a .

The analysis of three frequency regions showed that bond breakage Br increased rapidly
when

, remained constant when

, and then increased

significantly again when f  30 Hz .

This micro-mechanical explanation related to particle breakage, direction of particle
movement and the development of CF chains showed that particle breakage was the main
cause of degradation and permanent deformation during during cyclic loading.
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5. APPLYING DEM TO THE BULLI TRACK
5.1

Introduction

Recent research has been conducted on rail track and substructure models using DEM,
but this DEM research model did not consider particle breakage. To investigate the
influence of particle breakage on ballast this chapter presents half track modelling of real
ballast particles, including particle breakage, on the Bulli track during cyclic loading.

Indraratna et al. (2010b) have already conducted a field trial on an instrumented track at
Bulli, New South Wales, Australia. The location of Bulli is shown in Figure 5.1.

Field Assessment Location

Figure 5.1 Field assessment location, Bulli, NSW
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The Bulli track was constructed between two turnouts along the South Coast of New
South Wales. To investigate the influence of the geocomposite (placed at the base of the
ballast layer) and the performance of recycled ballast and traditionally fresh ballast, the
instrumented section of track was then divided into four 15m long sections. Fresh ballast,
fresh ballast with geocomposite, recycled ballast with geocomposite and recycled ballast
were used at sections 1 to 4, respectively. Concrete sleepers were used for the field
assessment track. The vertical and lateral strains of ballast of various sizes and shapes
were recorded in the field trial, and it was shown conclusively that geocomposite and
recycled ballast can effectively reduce permanent deformation and degradation of ballast
under repeated wheel loading.

5.2

Modelling the Bulli Track

To understand the behaviour of ballast under cyclic loading in a railway track, a half track
model was established developed using DEM. A half section of the track will save time
and the computational demand for a large number of particles.

The field trial used lattite, sharp angular coarse aggregates of crushed volcanic basalt, as
railway ballast. As a result, the irregular particles of ballast generated in PFC2D (the same
as the sample in the cyclic biaxial simulation in Chapter 4) were used for the half track
model. Figure.5.2 shows the particle size distribution (PSD) curve selected for this study
compared to the Australian Standards. Similar to the cyclic biaxial tests, the half track cell

was also filled with some circular particles (filler particles) to reach the specified porosity
of say, around 21.46%. Figure 5.3 shows details of the section of ballasted track bed on
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the Bulli line (Indraratna et al., 2010b). The overall thickness of the track bed was 450
mm, comprised of a 300 mm thick layer of ballast and a 150 mm thick capping layer. The
sleeper was 2500 mm long.

Figure 5.2 Selected PSD of ballast particles for the half track simulation

Figure 5.3 Structure of the ballast track on Bulli, NSW (Indraratna et al., 2010b)
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Magnified view
in Figure 5.11

Figure 5.4 Initial assembly of the half track model on the Bulli track
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Table 5.1 Micro-mechanical properties applied on the Bulli track

Micro-mechanical Parameters

Values

Particle density (kg/m3)

2,500

Inter-particle and wall coefficient of friction

1.5

Particle normal and shear contact stiffness (N/m)

3×108

Side wall stiffness (N/m)

3×107

Top and bottom wall stiffness (N/m)

3×108

Parallel bond normal and shear stiffness (N/m)

6×1010

Parallel bond normal and shear strength (N/m2)

5×106

As a result, the trapezoidal layer of ballast was 300 mm high, by 1987 mm wide at the
bottom, and a 45º slope lateral wall were generated for simulation in PFC2D. The sleepers
are usually embedded into the ballast (Indraratna et al., 2005a), so the dimensions of the
sleeper are half that of the real field track, i.e. 300 mm thick × 1250 mm long. The initial
assembly of the half track model with track geometry is shown in Figure 5.4. Table 5.1
presents the micro-mechanical properties applied to the DEM model.

The static loading has been applied to the Bulli track and the static results verified that the
model is suitable to conduct further tests under cyclic loading (see attached appendix).

Figure 5.5 shows the location of sensors used to measure deformation during cyclic
loading in the track. These locations are similar to the instructed Bulli track.
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An average measurement was used in the half track model to record particle behaviour
during cyclic loading. There is a trapezoidal cell with a closed top wall (wall 4), and three
other walls packed with the initial assembly. The sloped side wall (wall 1) was treated as
a free boundary while the other walls acted as boundary constraints. To conduct cyclic
loading on the half track model, the velocity of the closed top wall was controlled by a
numerical servo-mechanism to maintain the specific force as the loading platen. The
bottom wall (wall 2) and right hand side wall (wall 3) were fixed. These walls only
interacted with the irregular particles, not with each other. The stresses and strains were
determined by summing the forces acting upon, and relative distance between, the
appropriate walls.
As can be seen from Figure 5.5, the midpoint of wall 1, the point at the top layer under the
edge of sleeper and the point at the bottom layer under the edge of sleeper were
considered to represent the ballast around these three points.

Figure 5.5 Location of measured points in DEM simulation
The stresses were computed by taking an average of the values acting on each set of
opposing walls, where the stresses on each wall were computed by dividing the total force
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acting on the wall by the appropriate length sample. The strains in both the X and Y
directions were calculated using the relationship:



L  L0
L0

(5.1)

where L is the length in the corresponding direction and L0 is the original length in that
direction.

To prevent breakage, particles were treated as clumps during compaction. The particles
were cycled statically until the cyclic deviatoric stress (qcyc) reached the mean stress. The
lateral strain (  x ), frequency ( f ), number of cycles ( N ) and the bond breakage (Br) were
recorded at every step.

5.3

Ballast Behaviour during Cyclic Loading

Figure 5.6 shows the typical sinusoidal loading curve presented in the form of cyclic
deviatoric stress ( qcyc ) versus the number of cycles ( N ) at a frequency ( f ) of 20 Hz
applied on the half track model.

As per field assessment measurements (e.g., the vertical cyclic stress, see section 2.3.1),
in the DEM simulation, the minimum cyclic stress ( qmin ) was kept at 0kPa to represent
the unloaded state of the track. The mean stress is equal to an average of the minimum and
maximum cyclic deviatoric stress, which was 116kPa at f =20Hz. The qcyc adopted here
was 232kPa which represents the highest vertical cyclic stresses ( Vr ) measured under the
rail in the field assessment, while one coal train was travelling along the track.
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In this study, the behaviour of the ballast was analysed under this loading.

Figure 5.6 Cyclic loads applied for 20Hz frequency on the Bulli track in DEM simulation
5.3.1

Permanent Deformation

Figure 5.7 shows the comparison of lateral strain (  x ) and lateral deformation ( Sx ) with
the cycle ratio ( N/Nmax ) from the DEM and field studies. N/Nmax was used to compare the
DEM results with the results from the field assessment in same scale. The cycle ratio
(N/Nmax) defined as the ratio of number of cycles (N) at any time to the number of cycles
(Nmax) at the end of the simulation/test. The cycle ratio in both the DEM simulation and
field trail were calculated using the relationship:

N / N max 

Number of cycles at any time
Maximum number of cycle

(5.2)

Due to the large computation time, the DEM simulations were carried out up to 1000
cycles.
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As can be seen from Figure 5.7, the lateral strain presents as negative value in the
simulation. The lateral strain (  x ) increased rapidly in the initial cycles (e.g., 0.45% at
N/Nmax =1.8), and then remained at a constant value at large values of N. The
re-arrangement and corner breakage of ballast particles may be the main factors for the
sudden increase in  x at low N. The results of the DEM simulations agreed with the field
results.

Figure 5.7 Comparison of lateral strain observed in the field assessment and DEM
It is evident from the figure that the location of ballast has a significant influence on  x .
The lateral strain near the lateral boundary (point A) was much lower than the lateral
strain under the edge of the sleeper at the top layer (point B) or bottom layer (point C).
This may be due to the particle breakage and permanent deformation of ballast that
occurred under the edge of the sleeper.
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The irregular particles near the lateral boundary will slide and roll due to the stress acting
on these particles. These stresses also lead to the corner breakage of particles under cyclic
loading. Also, depending on the number of cycles, there was a significant reduction in
lateral deformation near the lateral boundary compared to that under the sleeper.

Those particles under the edge of the sleeper (both at the top and bottom of the layer)
showed a very similar lateral displacement at the initial cycles. The corner breakage of
particles can be a major factor leading to a rapid increase of lateral strain during the initial
cycles. As the cycles increased, the particles on the top layer suffered higher stresses than
those on the bottom, which caused additional corner breakage and the particles to split.
Therefore, there was more lateral deformation of top layer particles at higher values of N
compared to at the edge of the sleeper.
5.3.2

Breakage Behaviour

Figure 5.8 shows the cumulative bond breakage (Br) observed in the half track simulation,
with the number of cycles (N). The broken bonds found in the initial cycles showed that
once they began to break, a significant increase occurred in the lateral strain (  x ), which
can be found in Figure 5.7. It is further highligted that the rearrangement and corner
breakage of irregular particles occurred at low N.
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Figure 5.8 Relationship between bond breakage (Br) with the number of cycles (N)
Displacement
Vectors

(a)
Breakage
Point

(b)
Figure 5.9 (a) Displacement vectors and (b) position of bond breakage in half track
simulation at N = 500
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Figure 5.9 illustrates the particle displacement vectors and particle breakage points
during cyclic loading, after 500 cycles. As the length of displacement vectors represents
the level of particle movement, the horizontal movement of ballast particles under the
edge of the sleeper are larger than others at other location (Figure 5.9 a).

These figures highlight that there are more broken bonds of particles which represent
particle breakage under the edge of the sleeper, especially near the edge (Figure 5.9 b).
This is caused by higher stresses imparted to the top layer of ballast, which is then split
across the ballast bodies to generate greater lateral displacement during cyclic loading. It
is evidenced that ballast below the edge of the sleeper (especially at the top layer) suffered
more particle breakage, which is one of the major factors for the permanent deformation
of ballast during cyclic loading.

Figure 5.10 (a and b) shows the portion of initial assembly and assembly after 500 cycles.
The particle breakage and cyclic degradation can be seen visually in these images. These
images emphasise that particle breakage and rearrangement of ballast occurred during
cyclic loading in a railway environment.
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Original Particle (R3)

Broken Particles

(a)

Cyclic Degradation

(b)

Figure 5.10 Portion of (a) Initial assembly and (b) Assembly after 500 cycles
presents particles breakage and cyclic degradation

Consider R3 (Figure 5.10 a, passing 53mm and retaining on 37.5mm sieve) as an example
where, after an increase in the number of cycles, it has broken into four parts (numbered
and circled in Figure 5.10 b) viz: 1, 2, 3, and 4 after 500 cycles.

Once the cyclic loads began it transferred the stresses into the ballast. An increase in these
stresses can first lead to the particles sliding and rolling in order to maintain their
compaction, but once the stresses concentrate on the corner of the angular assemblies
during cyclic loading, corner breakage begins. As the stresses increased, they were large
enough to split the particles, so the original particles (Figure 5.10 a) were broken into
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smaller parts (Figure 5.10 b). This behaviour, especially the movement of broken parts
into the void space of the cell in the half track, resulted in vertical and lateral deformation.

As the Contact Force (CF) chains developed, particle breakage was mainly caused by
tensile failure concentrated in the direction of particle movements (Indraratna et al.,
2010a). Figure 5.11 illustrates the development of CF chains with particle breakage in
DEM modelling at 500 cycles during cyclic loading.

CF Chains

(a)
Broken bonds

(b)

Figure 5.11 (a) Effects of bond breakage on CF chains and (b) broken bonds distribution
at N=500
It clearly shows that the CF chains developed in the direction of the major principal stress,
made good contact between those particles under the sleeper (Figure 5.11). The uniform
CF chains showed good compaction under the sleeper, while those particles near the
lateral boundary with weaker CF chains in the direction of major principal stress had less
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breakage.
These less and not uniform CF chains near the lateral boundary, with less broken bonds,
highlighted that the development of CF chains was mainly due to particle breakage. It can
be seen that the increasing particle breakage which caused an increase in vertical
settlement and lateral displacement, was concentrated in the direction of particle
movement. The broken and rearranged particles resulted in more uniform CF chains in
the direction of major principle stress under the sleeper during cyclic loading.
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5.4

Chapter Summary

This chapter developed a half track model to simulate the behaviour of ballast with the
same material properties, loading conditions, and track geometry data, to compare with
the field trials carried out on the Bulli track. The DEM model was validated with the field
data under realistic train loading.

Particle breakage plays a key role in the behaviour of ballast under cyclic loading. Three
measurement points (near the lateral boundary, the top layer under the edge of the sleeper,
and the bottom layer under the edge of the sleeper) were used in the half track model to
present the behaviour of ballast nearby. The lateral strains (  x ) had a significant increase
in the initial cycles and kept stable at a large N. The rearrangement and corner breakage of
ballast particles were found to be the main factors causing a sudden increase in  x at low
N.
The lateral strain near the lateral boundary (  x A ) was much lower than the lateral strain
under the edge of the sleeper at the top layer (  x B ) or at the bottom layer (  xC ) showed
there was more particle breakage and permanent deformation of ballast occurred under
the edge of the sleeper. This can be caused by an increase of stresses acting on the
particles under the edge of the sleeper. These stresses lead to sliding and rolling of
particles, with corner breakage. Corner breakage of particles can be a major factor in the
rapid increase of lateral strain during the initial cycles, but after that, the particles splitting
across their bodies eventually causes particle breakage. The top layer of particles with
higher stresses than the bottom particles suffered additional corner breakage, more
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particle breakage, and lateral deformation at a high number of cycles. The particles near
the lateral boundary with less vertical restraint had a significant reduction in particle
breakage and permanent deformation.

Most broken bonds found in the initial cycles showed that particle breakage played a key
role in the permanent deformation of ballast in railway environment during cyclic loading.
Furthermore, the ballast under the edge of the sleeper moved more horizontally than those
particles near the lateral boundary. This could be caused by higher stresses imparted to the
top layer of ballast and then split across the ballast bodies to generate greater lateral
displacement during cyclic loading. It was seen that the ballast under the edge of the
sleeper (especially at the top layer) suffered more particle breakage, which is a major
factor causing permanent deformation during cyclic loading.

Particle breakage also controlled the development of CF chains in the direction of the
major principal stress under cyclic loading. Those particles under the sleeper had more
uniform CF chains and breakage compared to those near the lateral boundary. It was also
shown that particle breakage and rearrangement leads to more uniform CF chains in the
direction of major principle stress during cyclic loading. Also, as loading continued, more
particles broke and rearranged, which cause the ballast to become denser and slower to
move horizontally.
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6. CONCLUSIONS AND RECOMMENDATIONS
6.1

Introduction

This chapter presents the major findings of this research followed by recommendation for
future work. In this research, irregular ballast particles were modelled in PFC2D, a cyclic
biaxial test in DEM was carried out, and half track modelling of the Bulli track was
conducted.

6.2


Major Conclusions
Cyclic biaxial tests were conducted in DEM. The effect of cyclic loading frequency
(5Hz to 50Hz) has a great influence on the degradation and permanent deformation
of ballast. The axial strain (  a ) increases with frequency during cyclic loading. The
DEM results are similar to the laboratory results.



Most of the particle breakage and deformation that occurred during the initial cycles
of loading demonstrated that particle breakage plays a key role in the degradation and
permanent deformation of ballast during cyclic loading.



In the biaxial simulation, the broken bonds (Br) increase with the frequency of cyclic
loading ( f ) and number of cycles ( N ). Most bonds were broken at initial cycles,
which are similar to the trend of  a due to the irregular particle rearrangement and
corner breakage that occurred at low N.



Bond breakage Br increased rapidly when
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and then increased significantly again when f  30 Hz .

when
When

,

the particles were sliding and rolling to maintain good

packing. The stresses acting on particles that concentrated on the corner caused
corner breakage which is the main factor influencing permanent deformation and
particle breakage of angular particles. When

, the packing of

particles became optimum and very little additional breakage occurred.


When f increased over 30Hz, the high stresses applied on particles caused sliding and
rolling. The particles then split and broke through the particle bodies. This leads to
more degradation and vertical deformation.



A half track model of the Bulli track found that the lateral strains (  x ) increased
during initial cycles and kept stable at large N. DEM simulation in PFC2D was
validated with the field results.



Lateral strain near the lateral boundary (  x A ) was much lower than the lateral strain
under the edge of the sleeper at the top layer (  x B ) or bottom layer (  xC )
demonstrated that more particle breakage and permanent deformation of ballast
occurred under the edge of the sleeper.



The above phenomenon can be caused by an increase of stresses that acted on the
particles under the edge of the sleeper. These stresses lead to sliding and rolling of
particles with corner breakage. After that, the splitting across the particles bodies
eventually caused breakage.
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The corner breakage of particles can be a major factor in the rapid increase of lateral
strain during the initial cycles.



The top layer of particles with higher stresses than the bottom particles suffered
additional corner breakage, and more particle breakage and lateral deformation at a
high number of cycles. Those particles near the lateral boundary, with less vertical
restraint, had a significant reduction in particle breakage and permanent deformation.



Most broken bonds occurred during the initial cycles. It has been found that the
horizontal movement of ballast under the edge of the sleeper was greater than those
near the lateral boundary. This can be caused by higher stresses imparted to the top
layer of ballast and then split across the ballast bodies to generate greater lateral
displacement during cyclic loading.



It was shown that the ballast under the edge of the sleeper (especially those at the top
layer) suffered more particle breakage, which is a major factor for the permanent
deformation of ballast during cyclic loading.



Particle breakage and cyclic degradation was found visually, which highlighted that
particle breakage and the rearrangement of ballast actually occurred in a railway
environment during cyclic loading.



Particle breakage is one of the major factors for the development of contact force (CF)
chains in granular material under cyclic loading. Particle breakage controls the
development of CF chains in the direction of major principal stress under cyclic
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loading in the railway environment.


Those particles under the sleeper had more uniform CF chains and particle breakage
compared to those near the lateral boundary. It was further shown that particle
breakage and rearrangement leads to more uniform CF chains in the direction of
major principle stress in a rail way environment. Also, as loading continued, more
particles broke and were rearranged, which caused further densification and slowed
its horizontal movement.

6.3

Recommendations for Future Research

The recommendations for future research are to better predict the behaviour of ballast in a
railway environment.


Future research areas can focus on extending the 2D model to 3D and develop it as a
performance prediction tool.



The study various parameters (e.g. different loading conditions, ballast material with
and without geocomposite, recycled ballast and fresh ballast) which can influence
particle breakage and permanent deformation of ballast is recommended to optimise
the behaviour of ballast in a realistic railway environment during cyclic loading.



Due to the limitation of this study, more laboratory experiments need to be done in
future to investigate the magnitude of load at which breakage starts to be effective.



A modification of the half track simulation is also recommended to improve its
performance. Three dimensional simulations can be adopted in future to model real
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granular material to obtain more valuable information on particle breakage.


The ballast DEM model in PFC2D also has potential as a tool for engineering
ballasted track designs and addressing critical sub-structure concerns in the future.
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APPENDIX: BALLAST BEHAVIOUR ON BULLI TRACK
DURING STATIC LOADING
A.1

Preparation of PFC2D Tests

The ballast behaviour under static loading was investigated by using the half track cell
and the real ballast particles filled in. The details of selected ballast particles and its
representive particles in PFC2D can be found in Chapter 4 (can be seen in Table 4.1).
Subroutines were developed (using the FISH Language) in PFC2D. Figure A.1 shows the
particle size distribution (PSD) curve was adopted in this static study. The properties
assigned for the particles are tabulated in Table A.1. The static simulation uses the same
measurement method on recording axial strain, lateral strain, axial settlement, lateral
displacement and broken bonds. The initial assembly of the half track model on Bulli
track in static tests is shown in Figure A.2.

Figure A.1 Selected PSD of ballast particles in the simulation
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Figure A.2 Initial assembly of the half track model on Bulli track for static loading
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Table A.1 Micromechanics Parameters used in the simulation

A.2

Micromechanics Parameters

Values

Particle density (kg/m3)

2,500

Interparticle and wall friction coefficient

0.5

Particle normal and shear contact stiffness (N/m)

1×109

Wall stiffness

1×109

(N/m)

Parallel bond normal and shear stiffness

(N/m)

5.7×1016

Parallel bond normal and shear strength

(N/m2)

4.3×1016

DEM Results under Static Loading

The static loading was used in cyclic biaxial simulation and half track modelling on Bulli
track to load the sample until reaching the required deviatoric stress of following cyclic
loading. The static loading is necessary to maintain contact between the half track cell and
the particles.

After generated ballast particles and the cell, the sample was loaded statically until reach
an isotropic stress state (the ratio of mean unbalanced to the force to mean contact force or
the ratio of maximum unbalanced force to maximum contact force, reaches 0.005). The
axial strain (  a ), lateral strain (  x ), axial settlement ( S a ), lateral displacement ( S x ) and
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the bond breakage (Br) were recorded by every step.

A.2.1

Lateral Strain – Axial Strain Relationship

Under the static loading, the variation of axial strain (  a ) with the lateral strain (  x ) can be
found in Figure A.3. It indicates the relationship between the vertical deformation and
horizontal deformation. In the initial loading steps (  a <0.05%), the axial strain  a
increases rapidly while the lateral strain  x keeps at very low level. The lateral strain  x
then have a significant increase while 0.05%   a  0.35% . After that, the lateral strain
keeps at the similar level as the axial strain goes up.

Figure A.3 Lateral strain – Axial strain relation under static loading in DEM simulation
The increase of  x in the initial loading steps (  a <0.35%) is caused by the sliding and
re-arrangement of particles. Because the slope wall (lateral boundary) is treated as free
boundary, the particles intend to move in a horizontal direction when suffering vertical
stresses from the sleeper. After  a  0.35% , the compaction became prominent. As a
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result, the lateral strain keeps stable as the loads continuous.

A.2.2

Axial and Lateral Deformation of Ballast

Figure A.4 Lateral deformation and lateral strain of the ballast under static loading in
DEM simulation

Figure A.4 shows the lateral deformation and strain of the ballast under static loading.
The trend is similar with field trial data under cyclic loading shown in Figure 2.8. The
value of deformation is less than the field results, which may be caused by the difference
between static loading and cyclic loading, also the test duration.

A.2.3

Parametric Study

The parametric study of the effects of friction coefficient on axial strain and lateral strain
shows in Figure A.5. It indicates that axial strain (  a ) increases with the reduction of
friction coefficient (µ) of particles and walls. At initial loads (  a <0.025%), the friction
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coefficient did not influence the axial deformation. But, as the loads continues,  a with
lower friction coefficient (0.5 and 0.8) cause higher lateral deformation compare with the
friction coefficient at 1.0.

Figure A.5 Effects of friction coefficient on axial strain – lateral strain relationship under
static loading in DEM simulation

As can be seen from Figure A.6, the effects of particle normal and shear contact stiffness
on axial – lateral strain shows that as the normal stiffness and shear stiffness (kn and ks)
decrease the lateral deformation increases. It is evidenced that the higher stiffness avoids
the sliding and rolling of particle and particle re-arrangement. Thus, there is less axial
strain at higher value of kn and ks.
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Figure A.6 Effects of contact stiffness on axial strain – lateral strain relationship under
static loading in DEM simulation
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